Two populations of membrane-bound replication complexes were isolated from poliovirus-infected HEp-2 cells by sucrose gradient centrifugation. The two fractions show similar ultrastructural features: the replication complex is enclosed in a rosettelike shell of virus-induced vesicles and contains a very tightly packed second membrane system (compact membranes). The vesicular fraction, which bands in 30% sucrose, contains replicative intermediate (RI) and 36S RNA. The fraction banding in 45% sucrose contains only minute amounts of RI and contains mainly 36S RNA, two-thirds of which is encapsidated. In vitro, the two fractions show similar RNA synthesizing capacities and produce 36S plus-strand RNA. Dissolving the membranes within and around synthetically active replication complexes with sodium deoxycholate abolishes the completion of 36S RNA but still allows elongation in the RI. Our findings suggest an architecture of the replication complex that has the nascent plus strands on the RI enclosed in the compact membranes and the replication forks wrapped additionally in protein. Plus-strand RNA can be localized by in situ hybridization with a biotinylated riboprobe between the replication complex and the rosette of the virus-induced vesicles. It was found that the progeny RNA strands are set free soon after completion from the replication complex at the sites where the compact membranes within the replication complex are in close contact with the surrounding virus-induced vesicles.
asymmetrically in two distinct steps. First, the input plusstrand (genomic) RNA is copied into a minus strand, which leads to the formation of the double-stranded replicative form (RF) (1, 24) . This reaction can be studied in vitro in a reconstituted system (28) and does not depend on any cellular component or structure. The next step, however, which produces progeny RNA strands of positive polarity, is fully dependent on specialized cellular membranous structures (25) . It starts from the RF and proceeds in the partially double-stranded replicative intermediate (RI) (11) , which is confined in the viral replication complex. The replication complex was identified by electron microscopy (EM) (3) and found to be surrounded by and stretched out inside a rosette of virus-induced cytoplasmic vesicles (6) . The structural configuration of the replication complex is essential for ongoing plus-strand RNA synthesis and is maintained by the membranes of the virus-induced vesicles in concert with viral protein 2C (6) .
The strict dependence of the functional replication complex on cellular membranous structures has hitherto precluded the use of truly reconstituted in vitro transcription systems to study viral plus-strand RNA synthesis. By using appropriate subcellular fractions of infected cells, however, 36S genomic RNA can be produced in vitro (6, 10, 11, 24, 25) , and thus at least some of the requirements for this synthetic activity can be investigated.
In the present study, we used such subcellular fractions to elucidate the roles of different components of the replication complex and the surrounding vesicles in viral plus-strand RNA synthesis. By EM immunocytochemistry and in situ hybridization, we visualized the spatial relation of viral macromolecules involved in RNA synthesis with respect to each other and to the cellular (yet virus-induced) structures.
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This allowed us to draw conclusions about the functional interaction of the replication complex with its associated membranes. In addition to the known virus-induced vesicles, we could identify a second membrane system within the replication complex. This membrane system is very tightly packed and appears to interact with the surrounding virus-induced vesicles in the last steps of completion of the 36S progeny RNA. We also found that elongation of plusstrand RNA at the RI proceeds in the absence of membranes, whereas completion and liberation of 36S RNA are dependent on membranes. (Fig. 2) , the 36S RNA in the 30% fraction was found to be fully accessible to the enzyme, whereas the RI was protected. In (Fig. 3) . The 45% fractions, which contained predominantly 36S RNA, showed kinetics of RI and 36S RNA synthesis in vitro (Fig. 4 ) similar to those of the 30% fraction. After approximately 60 min, both systems became exhausted. The in vitro-synthesized 36S RNA of the 30% fraction as well as that of the 45% fraction was found to be fully sensitive to RNase, whereas the RI of both fractions was protected (not shown). Thus, during in vitro transcription, both fractions react to RNase treatment in a manner similar to that of freshly isolated 30% fraction.
MATERIALS AND METHODS

Cells
The combined data from Fig mean that the 30% fraction, since it contains RI, synthesizes RNA in vivo and continues the synthesis in vitro, whereas the 45% fraction seems to restart its plus-strand RNA synthesis in vitro. Whether this happens as elongation, e.g., on a small amount of RI (trailing shoulder in Fig. 1 ) or as initiation on RF or RI cannot be determined at present (see Discussion).
Ultrastructural aspects of the 30 and 45% vesicles. As stated earlier (6), the poliovirus replication complex is functional only if, by means of viral protein 2C, it is associated with the membranes of the virus-induced vesicles. In the current investigation, we found that the virus-induced vesicies are not the only membrane system associated with the replication complex. A second type of membrane was observed in the replication complex of both vesicular fractions (Fig. 5) . These membranes are tightly packed and appear as small (approximately 50-nm), clustered, vesiclelike bodies (compact membranes). Like the membranes of the virusinduced vesicles, these compact membranes were labeled with 2C-MAb (Fig. 5) . The label was found predominantly at the border of the replication complex at the sites where there is intimate contact between the compact membranes of the replication complex and the membranes of the virus-induced vesicles.
The ultrastructural aspects of the compact membranes within the replication complex are the same in the 30 and 45% fractions and also do not change during in vitro transcription. In ultrathin sections of poliovirus-infected cells, the compact membranes appear tightly coiled and do not have a clearly defined shape (data not shown).
DOC treatment of vesicular fractions. To test whether the replication complex-associated membranes described above are involved in the observed protection of the RI, a freshly isolated, RI-containing 30% fraction was treated with DOC for 30 min at 0°C. This rendered the RI partially RNase susceptible, as the RI could now be converted by RNase into an 18S core (10) (Fig. 6) . After phenol extraction, the 18S core was RNase sensitive (data not shown), which indicates that this 18S structure is derived from the RI (and not from the RF) and that it is enclosed in presumably proteinaceous material.
Together with the findings illustrated in Fig. 2 (Fig. 2) . The RI can be digested to an 18S core only after DOC treatment (-), indicating that membranes protect the growing plus strands. RNA was analyzed as described in the legend to Fig. 1. matrix containing the RI with protruding, and thus RNasesensitive, nascent RNA strands.
Since the 30 and 45% fractions are morphologically and in vitro also functionally identical, the function(s) of the replication complex-associated membranes during in vitro viral RNA synthesis was investigated with 45% vesicular fractions.
DOC was added to an in vitro transcription system after 30 min of ongoing in vitro RNA synthesis. During further RNA synthesis, the amount of radioactivity increased in the RI, whereas the amount of 36S RNA remained stable at the level reached when DOC was added (Fig. 7) . Thus, it can be concluded that the membranes of the transcriptionally active replication complexes not only sequester the nascent plus strands but also are involved in their detachment in becoming 36S RNA.
Ultrastructural analysis of replication complexes after treatment with DOC shows that the virus-induced vesicles as well as the compact vesiclelike structures within the replication complex have completely disappeared (Fig. 8) surrounded by a rosette of virus-induced vesicles. On the basis of the ultrastructural data (Fig. 5) , it seemed to us that the resistance of the nascent plus-strand RNA against RNase reported above might be mediated not by the rosettes of large, virus-induced vesicles (which do not seem to be in an extremely tight arrangement) but by the densely packed compact membranes within the replication complex.
To identify the membrane system protecting the RI and at the same time to obtain more information about the topography of the replication complex, we explored the location of the 36S RNA after in vitro RNA synthesis, adopting the following rationale. Since only the 36S RNA and not the RI was found to be accessible to RNase, only the 36S RNA can be located by histochemistry and in situ hybridization. The observed location of the 36S RNA would then be indicative of the tightness of the two membrane systems. In Fig. 9 , RNA in general was identified by a histochemical reaction using RNase coupled to colloidal gold. In Fig.  10 , viral 36S plus-strand RNA was localized specifically by in situ hybridization with a biotinylated riboprobe complementary to a part of the P1 genomic region. Both reactions clearly show their respective targets located within the rosette of the virus-induced vesicles, thus demonstrating the rather loose and in any case permeable configuration of the vesicular rosette and suggesting that the central compact membranes are the protecting agents of the RI. It is noteworthy that the 36S RNA is set free at several distinct sites at the periphery of the replication complex. This can be explained by assuming a topography of the viral RNA replication in which the template moves through the replication complex and has the progeny RNA strands fixed at defined sites.
DISCUSSION
From poliovirus-infected cells, two populations of membrane-bound replication complexes can be isolated. One population bands in 30% sucrose and actively synthesizes 36S plus-strand RNA in vivo and in vitro. The fraction banding in 45% sucrose contains capsid precursors and virions (20) and besides encapsidated and free 36S RNA contains little, if any, RI. In vivo, the 45% fraction is therefore considered to be transcriptionally silent ("burnt out") but contains progeny RNA in the process of becoming encapsidated. In vitro, it is capable of resuming RNA synthesis and producing 36S RNA (Fig. 4) . It is not clear whether in vitro the plus-strand RNA is elongated only on a small amount of RI or whether there is true initiation, which could take place either on preexisting RI or on RF, which could already be present in small quantities in vivo or could have been freshly synthesized in vitro.
The two types of viral replication complexes show similar ultrastructural features. They are enclosed in a rosettelike shell of virus-induced vesicles, which are attached to the replication complex by means of viral protein 2C (6) . In the present investigation, we identified a second, very compact membrane system within the replication complex itself (Fig.  5) (Fig. 5 and 9 ). Its presence in the replication complex even after DOC treatment indicates that it is not only membrane associated but also bound to other components. This is in agreement with the findings that it is RNA associated and that it attaches viral RNA to the surface of the virus-induced vesicles (6) . The 2C-RNA association is consistent with the finding that 2C contains NTP-binding (8) as well as helicase (12) motifs. It might well be that 2C is also involved in the liberation of the RNA from the replication complex and possibly in preparatory steps for encapsidation (16) .
Whatever the exact functions of P2 proteins 2BC, 2B, and 2C might ultimately be, the action of one or more of them was found to be essential for viral plus-strand RNA synthesis (6, 13, 15) ; for hepatitis A virus (9, 14) , rhinovirus (17) , and poliovirus (21) replication in cell culture; and for expression of cytopathic effects (5) . Since these P2 protein-mediated processes are interconnected (4), one might speculate that these proteins do not function on their own but function only in concert with each other and/or other viral or even cellular proteins. This would also explain why, despite numerous attempts, e.g., by mutational analysis, it is still not possible to attribute a biochemically defined role to each of these proteins.
In our in vitro system, encapsidation of progeny RNA could not be observed. This is in contrast with a recently published report (18) and might be due to several experimental differences. Our in vitro system is a transcription system, not a coupled transcription-translation system, and it was kept going for a much shorter time. An important aspect of this study could be the finding that the 36S RNA is set free from the replication complex immediately after its completion. This is in agreement with the finding, demonstrated by in situ hybridization on infected cells, that a pool of free genomic RNA was present in the vicinity of the replication complex (27) . In the in vitro system, this RNA then might be lost for encapsidation, because the RNA-synthesizing entities are rather diluted in vitro compared with the in vivo situation.
The data presented here allow us to propose the following model of the poliovirus replication complex. The replication complex contains a compact membrane system which encloses the RI with its nascent plus-strand RNA. The replication forks are in addition tightly enclosed in protein. The compact membranes are involved in the liberation of the completed 36S RNA from the RI and from the replication complex. The progeny strands are set free at different points on the replication complex's surface, i.e., at the sites where the replication complex is attached to the virus-induced vesicles. During RNA synthesis, the RI would thus have to move (turn) through, or together with, the replication complex with respect to the virus-induced vesicles.
